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Abstract 
Copper recovery from distillery effluent was studied in a scalable bioelectrochemical system with approx. 6.8L 
total volume. Two control strategies based on the control of power with maximum power point tracking (MPPT) 
and the application of 0.5V using an external power supply were used to investigate the resultant modified 
electroplating characteristics. The reactor system was constructed from two electrically separated, but 
hydraulically connected cells, to which the MPPT and 0.5V control strategies were applied. Three experiments 
were carried out using a relatively high copper concentration i.e. 1000 mg/L followed by a lower concentration 
i.e. 50mg/L, with operational run times defined to meet the treatment requirements for distillery effluents 
considered. Real distillery waste was introduced into the cathode to reduce ionic copper concentrations. This 
waste was then recirculated to the anode as a feed stock after the copper depletion step, in order to test the 
bioenergy self-sustainability of the system. Approx. 60-95% copper was recovered in the form of deposits 
depending on starting concentration. However, the recovery was low when the anode was supplied with copper 
depleted distillery waste. Through process control (MPPT or 0.5V applied voltage) the amount and form of the 
copper recovered could be manipulated.  
 
Keywords: Bioelectrochemical system, Copper recovery, Distillery waste, MPPT, Applied 0.5V   
 
Highlights: 
• Novel control strategy was used for bio electrochemical recovery of copper from distillery waste  
• 6.8L tubular BES was constructed and tested with MPPT and applied voltage as control strategies  
• MPPT performs better at high Cu2+ concentration with double metal removal efficiency 
• The form of copper recovered can be manipulated at low Cu2+ with MPPT and constant applied voltage 
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1. Introduction 
Bioelectrochemical systems (BES) have primarily been studied as a technology able to treat 
wastewater and generate electricity simultaneously. In BES, organic waste is utilized by electrogens 
at the anode, in essence to generate electrons, protons and carbon dioxide. An electrical current 
through an external circuit is thus established and protons pass through a cation exchange membrane 
(CEM), and combine at the cathode to reduce oxygen and produce water [1, 2]. In addition to oxygen 
reduction reactions, there are possibilities to utilize this reducing power to facilitate various other 
reduction reactions at cathode, for example metal ion reduction [3-6], nitrate reduction [7], amongst 
others. Further, by adding an external power source, other thermodynamically unfavorable reactions 
can also be achieved for example, hydrogen production [8], acetate [9], formate [10], and higher chain 
alkane synthesis [11] have been demonstrated. However, the metal removal efficiency of BES in 
particular has been attracting considerable attention over the last few years, specifically for the 
recovery of metal ions from low concentration industrial wastewaters [4, 6, 12, 13]. Copper is one of 
the key metal contaminants present in industrial wastewaters, and its release to the environment can 
have deleterious effects for aquatic ecosystems [14]. Strict discharge limits for copper/copper 
compounds have consequently been set by the 1989 European Surface Water Regulations (0.05-0.1 
mg/L) and the 98/83/EC Drinking Water Directive (2mg/L). Current industrial treatment and metal 
recovery methods mainly include chemical precipitation techniques [15], electrochemical deposition 
[16], ion exchange, and membrane separation [17]; these processes typically require elevated cell 
voltages resulting in high energy requirements (2 kWh per kg of deposited Cu and may also present 
more localized environmental issues).  
The distillation process for whisky generates an effluent containing copper, with the copper ions 
originating/released from the copper stills during processing and cleaning operations. The soluble 
copper concentration in the effluent is generally <30 mg/L, which makes its, recovery difficult, 
ineffective and energy intensive when using traditional methods. Therefore, there is a need for 
methods that are able to recover low concentrations of copper, with low energy inputs and which are 
scalable and able to integrate with such industrial processes. There are many successful reports on 
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copper recovery using small volume BES but very few reports are based on scaled up metal removal 
systems [18, 19]. Further investigation into how small volume reactors may be scaled up and made 
capable of treating moderately large volumes of industrial waste efficiently. Another important factor 
when recovering metal from waste is the economic value of the recovered product. For example 
recovering copper as cuprite, which has a wide range of catalytic application [20, 21], can offer 
additional financial incentives over pure copper or cuprous oxide, which have lower economic values. 
When considering the impact of product values, waste treatment efficiencies, 
environmental/commercial sensitivity and sustainability, it is of considerable interest to investigate 
control strategies that may be used to modify the electroplating process by controlling the 
electrochemical reactions whilst treating the metal-containing waste. 
In the present study, we used a distillery waste stream to recover copper at low concentrations using a 
scalable tubular BES with two different control strategies. The overall aim of the study was to 
investigate the effect of controlling the voltage/power on the selective/modified copper plating 
process, i.e. the deposition ratios of copper or CuxO through the use of MPPT and 0.5V applied 
voltage, while simultaneously designing a scalable reactor system. The principle and implementation 
of the MPPT controller systems are well defined and presented in a number of studies [22, 23]. The 
effect of MPPT on enrichment startup, power output and better COD removal in BES was identified 
in our previous studies [23, 24]. Therefore, the MPPT system was selected and hypothesized to have 
positive effects on copper recovery by varying the external resistance and maintaining the highest 
sustainable power. However, whilst copper recovery at applied potentials had been previously 
investigated, there are very limited reports on scaled up reactors. All copper reduction reactions i.e. 
Cu2+ to Cu and further Cu to Cu2O [25] occur at <0.5V cathode potential, which is further influenced 
by internal resistance, including pH changes and copper ion concentration. The 0.5V was used to 
provide sufficient current for copper recovery with continuous changes in the pH, conductivity and 
copper ions concentration during experiments and to avoid negative effects of low anodic 
performance, so maximizing recovery of copper. Although a voltage <0.5V would also be expected to 
recover copper when using an acetate fed anodes, with wastewater as biodegradable substrate at the 
anode (in Experiment 3), the voltage needed to be higher to overcome losses and stimulate sufficient 
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current to deliver continuous copper deposition. Therefore, 0.5V was used as a realistic compromise 
and kept constant at this voltage for all three experiments. 
The initial objectives of the study were to assess the organic strength and characteristics of the 
distillery waste as a potential catholyte for copper recovery and anolyte as organic substrate, once 
copper had been depleted at the cathode. The two strategies were first established at high copper 
ion concentrations and then tested using low concentration feeds. 
There is no investigation reported in the literature, which implemented MPPT and 0.5V applied 
voltage for selective copper/copper oxide recovery in a scaled up BES using distillery waste. In this 
study, we are presenting a novel laboratory based scalable BES which could be used to recover 
copper from aqueous waste waters such as distillery wastes.  
2. Materials and Methods 
2.1. Construction and Start-up of BES 
A membrane tube was constructed by using anion exchange membrane AEM (AMI-7001, 
Membranes International Inc.) with dimensions of 50 mm diameter and approx. 90 cm length, 
using the procedure described in [26] to construct in that case, a Cation Exchange Membrane 
(CEM) tube. Four previously enriched helical anodes were used to provide active anodic 
systems to the BES set up. The enrichment and anode construction procedures was as 
described in [27]. The empty bed volume of the anode chamber was 1.2L. In order to apply 
the two control strategies on a single reactor, two independent and electrically separated cells 
were created by serially connecting 2 anodes in series, with 1 cathode per cell as shown in 
Figure 1.  
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Figure 1: (a) Schematic representation and operational set-up of the reactor, where A1, A2, A3 and A4 are the 
anodes. A1, A2 and A3, A4 are electrically connected in series to form two individual cells for applying MPPT 
and 0.5V resp. 
The two cells were hydraulically connected in both the anode and cathode chambers. The 
cathodes were prepared from copper foil with a surface area of 1600cm2 (one side), with 
dimensions of 64 cm × 25 cm and folded into a pleated configuration with 16 layers with 2 
cm per fold along the length. The pleated design of the cathodes was conducted using 
computational fluid dynamics (CFD) to attain reasonably near-optimal exposure of the 
cathode surface for copper deposition, through velocity gradients, as shown in Figure 2. 
 
The cathode was rolled over the membrane tube and placed concentrically in line with the 
anodes inside the AEM. The two cathodes were also physically/electrically separated from 
each other by adding a polypropylene separator of approx. 6 cm in diameter. To complete the 
reactor set-up, the AEM tube was inserted inside a concentric transparent acrylic tube with 
Anolyte Catholyte  
A1 
A3 
A4 
A2 
Figure 2: CFD to optimize the folding arrangements of the copper foil cathode 
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outside diameter 110mm, inside diameter of 100mm and thickness of 5mm (The Clear plastic 
Shop, UK), to create an anaerobic cathode chamber. The whole assembly was closed sealed at 
the ends using push fit PVC end caps purchased from a local plumbing store (model number 
SP296, ScrewFix Direct Ltd). The net volume of the cathode chamber was 5.6 L. For anolyte 
and catholyte recirculation, holes were drilled on both end caps to hydraulically connect the 
AEM tube to the 20L reservoir bottles outside. Similarly, two more holes were drilled at the 
top to take out electrical connections for both the anode and cathode. Hence, the two 
individual cells inside were electrically separated but hydraulically connected, in order to 
keep all other operational parameters virtually constant. The schematics of the experimental 
set-up and operation is shown in Figure 1. 
2.2. Operation of BES 
The reactor operation was dependent on the experimental set-up. For Experiments 1 and 2 (E1 
and E2) 20L of 40 mM sodium acetate trihydrate was used as substrate for electrogenic 
bacteria, and was run in recirculation mode during the whole experiment at the rate of 10 
ml/min. The power was measured before starting the experiment and all four anodes were 
approx. 2-2.5 mW each. Characterization of distillery waste was conducted at Newcastle 
University, to help define all initial catholyte parameters, i.e. pH, conductivity and copper ion 
concentration, and is presented in Table 1.  
Based on the characterization data, an aqueous 20L copper sulphate solution, with pH set at 4 
by using 0.1 M H2SO4 and conductivity set at 2.5 mS/cm, and 1.5g/L NaCl added, was used 
as catholyte, running in recirculation mode, with a reasonably high flow rate i.e. 100ml/min in 
order to avoid changes in localized pH/conductivity. The medium and catholyte was purged 
with nitrogen before all experiments to remove dissolved oxygen. In the experimental set-up, 
one cell was controlled at the maximum power, and the cathode of the other cell was 
controlled at a fixed 0.5V using an external power supply. Each cathode electrode was 
weighed before and after the experiment, to provide an estimate of deposition rates for mass 
balance considerations. Experiment E3 was conducted in two stages, in Stage 1 the cathode 
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was fed with distillery effluent and 40 mM sodium acetate trihydrate was fed into the anode, 
both running in recirculation mode with the same flow rates as in E1 and E2. After 2 days of 
running of Stage 1, the cathodes were replaced with fresh copper electrodes and the Stage 2 
was started with copper depleted effluent at anode from the Stage 1 and the cathode was filled 
with 25 mg/L CuSO4 solution, all other parameters were kept the same. The Stage 2 was run 
for another 5 days resulting in total E3 run of 7 days. Liquid sampling was done for both 
anode and cathode chambers every day in E1 for 10 days and twice/thrice in E2 and E3 for 3-
5 days to monitor offline the changes in pH, conductivity and copper concentration. 
2.3. Chemical and Data Analyses 
The voltage and current across the electrical load were monitored using a virtual instrument 
based data logging system (LabVIEW™ , National Instruments Inc, Newbury UK) connected 
to analogue inputs on the I/O card (NI-cDAQ-9138 and N1 9205). The BES cell power output 
measurements were determined using potentiodynamic polarization (scan rate 10 mV/s), 
using a Solartron Electrochemical Interface (Farnborough, UK) controlled by dedicated 
software (CorrWare 2™, Scribner Associate Inc., NC). Acetate, butyrate and propionate were 
measured using a Perkin Elmer head space gas chromatograph (Model number HS40XL, 
Perkins Elmer, Waltham, Massachusetts, USA) in conjunction with a flame ionisation 
detector (FID) and a Nukol free fatty acid phase (FFAP) column (30 m x 0.32 mm) (Supleco) 
running at 190°C and 14 psi, with nitrogen as a carrier gas according to the method by [28]. 
All experiments were run at room temperature 23-25°C. The pH-value was measured offline 
with a Mettler Toledo FG2/EL2 pH meter (Mettler Toledo Inc, Columbus, USA) and the 
conductivity with a Mettler Toledo FG3/EL3 conductivity meter (Mettler Toledo Inc, 
Columbus, USA). For copper concentration analysis, samples collected from the catholyte 
were sent to Intertek Ltd located at Derby, UK for ICP (Inductively Coupled Plasma) 
analysis.  
2.4. Cathode Characterization  
The characterization of cathode samples was done using Energy-dispersive X-ray 
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spectroscopy (EDS), Scanning Electron Microscopy (SEM) and X-ray diffraction (XRD) 
analysis. SEM analysis was carried out using a FEI Quanta 650 FEG SEM operating at 15kV 
under high vacuum. EDS data was collected using a Bruker Quantax system with Bruker 
XFlash EDS detector and EDS data analysis was performed using Bruker Esprit V2.1 
software. XRD measurements were carried out on a Bruker D8 Advance diffractometer, 
equipped with a Göbel Mirror a Lynxeye detector. The X-ray tube had a copper source, 
providing Cu Kα1 X-rays with a wavelength of 1.5406Å. Sample were scanned from 5-70°2θ, 
with a step size of 0.02° and a count time of 0.2s per step. The resultant patterns were 
evaluated using EVA version 4, which compares experimental data to standards from the 
ICDD (International Centre for Diffraction Data) Database.  XRD analysis was performed on 
both the as-deposited samples on the electrode and on powder samples, which were scraped 
off the electrode to try and minimize background interference from the Cu electrode. 
2.5. Calculations 
The electrodes were weighed before and after each experiment. The copper was recovered as 
plated deposition on electrodes and the other particle like deposits were carefully collected 
using a brush then weighed. Removal efficiency and the amount of copper removed were 
calculated based on the initial concentration added (C0), residual concentration and the 
aqueous volume 
𝐸𝑟𝑒𝑚 =
(𝐶0 − 𝐶𝑡)𝑉 −𝑀𝑒
𝐶0𝑉
× 100% 
Where, C0 is starting copper concentration, Ct is copper concentration at time t, V is the 
volume of the reactor and Me is amount of copper precipitated.  
3. Results and Discussion: 
3.1. Experiment 1 with high concentration of copper ions: 
Both MPPT and applied 0.5V cathodes in E 1 showed visible signs of copper deposition as 
shown in Figure 3(a and b). Cathode samples with deposition were cut from each cathode to 
equidistantly represent the whole length of the electrode, in order to check the effect of flow 
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and position along the electrode of copper deposition. Although, the whole electrode was 
covered with copper from the solution in both MPPT and 0.5V, there was clearly more 
deposition on the inside surface of the electrode facing the membrane tube, in comparison to 
the outer surface of the electrode. This observation may reflect the effect of distance of 
electrode from the membrane and copper deposition, which was also observed by [19]. The 
deposits on both electrodes were mainly reddish to rusty colored indicating that they could be 
copper or copper oxide, also observed by [25]. The copper was also deposited in the form of 
small particles (3b) which were easily dis-lodged from each electrode (more so on the MPPT 
than on the 0.5V electrode), these were then collected for further analysis.  
  
Figure 3(a) Cathodes from MPPT and 0.5V before and after experiment 1, showing copper deposition on dark 
electrodes (b) showing plated and particle-like deposition  
The results obtained, shown in Figure 4(a), were interesting in so far as the MPPT electrode 
showed an increase in weight of 6.9g, whereas the 0.5V applied electrode showed an increase 
of 3.8g. This clearly indicates that it is advantageous to have a varying load in comparison to 
the constant 0.5V applied for copper recovery at high concentrations of copper ions. The 
maximum power obtained in MPPT during the experiment 1 was 5-6 mW at approx 35-20 
mA current output as shown in figure SI3 in SI, and this remained relatively constant for 7 
days, after which it started to decline due to depletion of substrate at the anode. This confirms 
that current can have an effect on the copper reduction which was also presented in [19]; that 
a decrease in current associated with separation distance of the electrodes resulted in a 
decreased  amounts of copper recovered as metal. The external resistance varied from 3-10 Ω. 
The weight of deposition on the electrodes also reflects a decrease in the concentration of 
copper in the liquid samples, as shown in Figure 4(b). The overall copper concentration 
a b 
(a) (b
) 
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decreased from 1000 mg/L to 572 mg/L in 10 days. However, the combined weight gain on 
both electrodes i.e. 10.7g was greater than the actual decrease in the concentration of copper, 
and this may be due to the deposition of other precipitates formed by the transfer of anions 
through the AEM. They were mainly phosphate that were not completely removed from the 
electrodes by washing. The pH and conductivity of the samples were also measured daily, as 
shown in Figure 4(c) the pH of the catholyte fluctuated between 4 and 5; there was no 
increase in the pH above 5, which may be due to the high copper ion concentration available 
in the catholyte. This may have resulted in a lower transfer of anions from the anolyte through 
membrane. Within 10 days, the overall removal efficiency (Erem) of copper was 42.8 % in E1. 
The conductivity of the catholyte dropped from 2.4 to 1.5 mS/cm due to the removal of the 
copper ions. Related changes were also observed in the pH of anolyte, which decreased from 
7 to 6.2 over the 10 days; whereas conductivity was always between 9.8-8.4 mS/cm, as shown 
in Figure 4(d). We found that at high copper ion concentrations, the online monitoring of pH 
was not required, when compared to the low concentrations as discussed later in E2, in which 
case pH affected the overall performance and indicated that pH would need to be controlled. 
 
Figure 4: (a) Weight gain in electrodes after experiment (b) ICP analysis showing copper depletion in catholyte (c 
and d) pH and conductivity changes in catholyte and anolyte respectively 
a 
b 
c d 
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At high copper ion concentrations, the recovery of copper over 10 days was 60%. Hence, the 
higher the concentration, the more time it would take to recover the copper. According to the 
rate of copper depletion from the catholyte, 20 days would be required to recover copper from 
20L of catholyte.  
The XRD/SEM analysis results obtained for both MPPT and 0.5V applied electrode samples 
showed significant variation in the copper deposit morphologies in E1. From the qualitative 
analysis it was clear that Cu (0) and cuprite (Cu2O) are the dominant phases on both 
electrodes, with some posnjakite (Cu4[(OH)6|SO4]•H2O) also seen at various sample locations. 
Figure 5 shows that there were different compositions associated with the different mineral 
structures i.e. the needle structure (5a&b) and plate like structure (5c) minerals tend to have 
much higher oxygen content and so are likely to be some form of CuxO. Whereas the small 
diamond shaped and round particles tend to have very little oxygen and may be closer to 
metallic copper (5d). The posnjakite forms relatively large, well-formed, easily identifiable 
crystals compared to much smaller Cu/Cu oxide crystals.  
 
  
Figure 5: Different mineral morphologies found on the copper cathodes after experiment 1 
Based on further qualitative EDS data the relative intensity of Cu(0) peak to cuprite or 
posnjakite varied between ~ 3:1 to ~10:1 in both electrode samples. Due to the electrode itself 
being copper metal it was difficult to identify whether the Cu(0) signal comes from the 
a b 
c d 
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electrode itself or from deposits. Therefore, scrapings from each electrode were also analyzed 
to investigate the differences in the signal coming from the electrode compared to the 
deposition samples. The dominant peak was always Cu(0) due to the electrode being copper 
foil however, particles and scrapings from both electrodes also show strong Cu(0), implying 
Cu(0) signal is also from electrodeposits. Both electrodes showed a mix of both types of areas 
where there is a very high Cu to cuprite signal suggesting metallic Cu deposits (orange areas), 
compared to lower Cu to cuprite signals suggesting more cuprite deposits (red/brown areas) 
with the Cu coming from the background measurements without any clear distinction ( refer 
Figure SI 1). Therefore, from E1 it can be concluded that it is beneficial to have MPPT 
control which delivered almost double the copper recovery compared to the applied 0.5V. 
However, the surface characterization of the cathodes does not indicate recovery of 
specifically metallic copper/copper oxides. Acetate degradation was also analyzed in all 
experiments to check the substrate utilization by anode-respiring bacteria. 50% of acetate was 
consumed over 10 days, reducing from 1100 to 600 mg/L, reflecting the activity of 
electrogens. 
3.2.  Experiment 2 with low concentration of copper ions: 
E2 was set up based on the results and observations obtained from E1. All parameters for this 
experiment were kept the same except that copper concentration was reduced to 50 mg/L to 
match the copper concentration typically found in the distillery effluents. The decrease in 
copper concentration also lowers the conductivity, which was then increased by adding 1.2g/L 
NaCl to keep it consistent with E1. As shown in Figure 6(a), when 50 mg/L Cu2+  was added, 
concentrations were below detection limits (<1 mg/L) within 3 days. The E2 was repeated 3 
times (Run 1, 2 and 3) to check the repeatability and rate of copper removal. In each cycle 
copper was completely removed below detection level from the solution in 3 days or less. The 
weight gain on the electrode also reflected the removal of copper from the solution, as 
presented in Figure 6(b). The weight increase on MPPT and applied 0.5V electrodes was 447 
mg and 393 mg respectively, which when added gives 840 mg of copper that was recovered 
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from the 20L catholyte. The rest of it i.e.120 mg was precipitated in run 1.  Whereas in run 2 
and run 3 of E2 deposition on 0.5V weighed slightly more than MPPT. The average Erec was 
85% after considering the amount of copper precipitated in all three runs. Therefore, both 
strategies were recovering almost similar amounts of copper in contrast to the results 
produced in E1. In addition, the pH varied significantly in E2 due to the low Cu2+ 
concentration which was quickly reduced and precipitated as shown in Figure 6(c).  
 
Figure 6: Results obtained from three replicate runs (a) showing the copper removal (b) the difference in the weight of 
electrodes before and after experiment, (c and d) showing changes in the pH and conductivity of catholyte and anolyte 
respectively 
The sampling was done 2-3 times per day and pH was reset to 4 using 0.1M H2SO4, every time it 
was measured above 4-4.5. Similarly, the changes in pH and conductivity of the anolyte were 
also recorded, which remained virtually the same over the course of the experiment i.e. 7 and 
9.8-9.2 respectively, as expected. After finishing each run, samples were cut out from both 
electrodes. In contrast to E1, it was interesting to see clear visible differences between MPPT and 
0.5V controlled cathodes, as shown in Figure SI2, Supplementary Information (SI). The MPPT 
controlled cathode only had the rusty and ink bluish colored deposits, whereas the applied 0.5V 
cathode deposits were black. Two samples were cut out from the MPPT electrode (rusty and 
a b 
c d 
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bluish) and one sample from 0.5V electrode with black deposits for surface analysis. The results 
showed clear deposition of copper on the MPPT electrode and Cu2O on the 0.5V controlled 
electrode. As shown in Figure 7 (a and b), the SEM/EDX data showed very high Cu:O ratios in 
MPPT and a lower Cu:O ratio in 0.5V experiments. The XRD analysis also supported the 
presence of far more Cu(0) present Cu2O in MPPT (Figure SI 1). However, the relative intensity 
of the Cu(0) peaks suggests a preferred orientation of the Cu, which may be derived from the Cu 
foil, as Cu(0) crystals formed as deposits would be expected to have a more random orientation. 
  
  
  
Figure 7: SEM and EDX analysis for copper deposition from samples S1 & S2 (a and b from MPPT) and S3 (c from 
applied 0.5V) electrode 
b 
c 
a 
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However, a shallow scan (less depth penetration of the X-rays) still showed strong Cu(0) 
peaks with relative intensities matching randomly oriented Cu(0), which suggests the deposits 
are likely Cu(0). XRD analysis of powder scraped from the samples also showed a strong 
Cu(0) peak, also suggesting the deposits were mostly Cu(0). Samples from 0.5V (bulk and 
powder) showed a more intense Cu2O peak than samples from MPPT see Figure SI1 (SI). 
Therefore, the E2 results indicates that the MPPT and 0.5V can modify the electrode plating 
characteristics at low metal ion concentrations. However, using a different cathode material 
could help clarify to what extent power control can impact on metal recovery and may 
warrant further analysis.  
3.3. Experiment 3 using real effluent waste from distillation 
In Stage 1 of E3, copper was completely depleted within 2 days.  However, in Stage 2 the 
depletion was slow due to the low current production (i.e. < 8 mA) at the anode as shown in 
Figure 8(a), although a gradual depletion can still be seen possibly due to the applied external 
voltage. The electrode weight gain was greater in the MPPT Stage 1 of the experiment, but 
less in Stage 2 as shown in Figure 8(b). This translates to an Erem for Stage 1 of 95%, but only 
32 % for Stage 2. As pH and resistance play a crucial role in copper reduction, a higher pH 
(>4.7), and higher external resistance may have favored the formation of Cu2O from Cu2+. 
This may also mean that at a low external resistance of <20Ω, high purity zero valent metallic 
Cu would be preferentially deposited on the cathode. Hence, changing external resistance 
during MPPT control (and pH fluctuations in the catholyte) would affect the final copper 
reduction and recovery processes. However, it was also observed that low levels of anodic 
substrate was not handled well by MPPT, as indicated by an increase in external resistance 
above 600 Ω in Stage 2, as compared to stage 1, where  power dropped from 5 mW to 2.5-3.5 
mW, but maintained a lower resistance below 20 Ω to achieve maximum power. Similar 
changes in power and external resistance in MPPT were also observed in E2. Also, the 
electrode surface analysis showed similar differentiation in the MPPT and 0.5V deposits as 
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found in E2, which further supports the conclusion that both control strategies have specific 
effects on copper reduction and final speciation.  
 
 
Figure 8 shows (a) depletion of copper in distillery effluent and then depletion of copper in synthetic waste on 
recirculation of copper depleted effluent to anode (b) increase in the electrode weight after Stage 1 and Stage 2 of E3 (c) 
shows changes in pH and conductivity  
Simultaneously, 1L of effluent with characterization as in Table 1 was left at ambient 
conditions in the laboratory to check if the inherent BOD breaks down to VFAs that could 
Depletion of copper in 
distillery effluent at cathode 
Recirculation of copper 
depleted effluent to anode 
Stage 1 
   MPPT    0.5V  MPPT 0.5V 
Stage 2 
a 
Stage 1 Stage 2 
b 
c 
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potentially aid anode performance. However, there was negligible increase in VFA 
concentration even after 10 days. It is important to have an effluent with more assimilable 
organic material available for anodophiles, to aid current generation and keep the system 
running as a self-sustained process. However, the effect of MPPT and 0.5V was clearly 
indicative in the presented scaled up system and holds a promising future implementation as 
discussed in more detail in section S1 (SI). 
3.4. Membrane Fouling  
The issue of membrane fouling was also observed when the reactor was running using high 
concentration of copper ions. During E1, the membrane became very slimy and turned black 
as shown in Figure SI4 (SI). There were also blue colored precipitates deposited on it, which 
on drying formed scales and damaged the surface and functionality of the AEM. Copper 
forms various compounds when it comes in contact with anions, and damages the 
functionality of the ion exchange membranes [29, 30]. To confirm the damage, a sample was 
cut from the membrane for ESEM analysis on both sides. As shown in Figure SI5 (a and b) 
(SI), the copper ion signal was also noticed inside the AEM facing anode chamber. There was 
a low concentration of copper on the outer side of the membrane as observed in Figure SI5(c), 
which may be due to the removal of copper while washing the outside membrane before 
cutting samples, but the peak can still be seen on the spectrum. On the other hand, no visible 
damage to the AEM at 50mg/L was noticed, which also reflects observations in the ESEM 
images and elemental data shown in Figure SI6 (SI). The inside of the membranes showed no 
transfer of copper ions hence no peak on the spectrum Figure SI6 (a), whereas a clear peak on 
the outside of the membrane can be seen on the spectrum on Figure SI5 (b). As such, further 
experimentation may be required to study the effect of copper exposure on AEM efficacy 
during longer operational runs. 
4. Conclusion 
A scaled up tubular BES was constructed and showed promising results for the recovery of copper 
from distillery effluent. The control of power using MPPT and applied 0.5V were successfully 
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established and shown to modify electrode plating, i.e. pure copper or cuprite or other copper 
containing complexes. At higher Cu2+ concentrations, MPPT recovered twice the copper when 
compared to applied 0.5V, whereas at low Cu2+ concentrations, both MPPT and applied 0.5V showed 
similar removal efficiencies, but Cu(0) and Cu2O respectively as dominant products. Therefore, 
tailoring the control parameters could allow for recovery of metals in the form of specific mineral 
phases, potentially increasing the applications and/or value of the recovered product. Initial Cu2+ 
concentration, pH and external resistance were found to play an important role and should be further 
studied for both control systems.  
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Table 1: Characterization of different distillery Effluents 
Spent Lees Cu 
ppm 
Conductivity 
µS/cm 
pH COD 
mg/L 
BOD5 
mg/L 
TOC 
mg/L 
[EtOH]% 
(v/v) 
Distillery A SL1 41.3±0.2 164 4.28 1442±40 1017 - 0.05 
Distillery A SL2 17.8±0.3 58 4.44 1391±3 900 394±15 0.05 
Distillery B SL1 35.9±0.1 189 4.84 - 1205 1062±6 0.12 
Distillery B SL2 16.9±0.1 48 4.89 2323±6 1806 656±13 0.11 
Distillery C SL1 11.7±0 61 3.83 1853±5 1356 556±4 0.08 
Distillery D SL1 20.2±0 83 4.10 2194±25 1739 668±8 0.10 
Distillery E SL1 15.3±0.1 50 4.21 2141±20 1658 616±4 0.10 
Distillery F SL1 11.8±0.5 48 4.32 1922±6 1450 548±19 0.07 
 
